The Study on the Shape of 2-D Stator with Electromagnets and Permanent Magnets for 3-D Superconducting Actuator  by Ozasa, S. et al.
 Physics Procedia  65 ( 2015 )  257 – 260 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the ISS 2014 Program Committee
doi: 10.1016/j.phpro.2015.05.141 
ScienceDirect
27th International Symposium on Superconductivity, ISS 2014 
The study on the shape of 2-D stator with electromagnets and 
permanent magnets for 3-D superconducting actuator 
S. Ozasa, S.B. Kim*, H. Nakano, M. Sawae, H. Kobayashi  
Graduate School of Natural Science and Tecnology, Okayama University, 3-1-1, Tsushima-Naka, Kita-ku, Okayama, 700-8530, japan 
Abstract 
The electric device applications of a high temperature superconducting (HTS) bulk magnet having stable levitation and suspension 
properties due to their strong flux pinning force have been proposed and developed. We have been investigating the three-
dimensional (3-D) superconducting actuator using HTS bulk to develop a non-contact transportation device.  
Probably, the cost of the manufactory will be increased to install the 2-D arranged electromagnets (EM) in a large area because 
many EMs are needed to cover the area. Therefore, we have been trying to find the method for reducing the number of EMs. In this 
study, all the EMs except for rotation were replaced in the 2-D arranged permanent magnets (PM), and gap length between PMs were 
experimentally investigated to improve the dynamic behavior of the mover and to reduce the cost of the manufacturing. As a result, 
we have succeeded in conveyance of the bulk and reduce the convergence time and maximum overshoot. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the ISS 2014 Program Committee. 
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1. Introduction 
We have researched for the 3-D HTS bulk superconducting actuator in order to use it as a non-contact transportation 
device which moves freely in space [1-4].  The proposed 3-D superconducting actuator consists of an HTS bulk (mover), 
2-D arranged EMs (stator) and controller including power supplies. However, when it is installed as a transport system 
in the large area like a clean room, the cost of the manufactory will be increased because many EMs are needed to cover 
the area. Therefore, we thought that the cost of the manufactory will be decreased by replacing all the EMs except for 
rotation with the 2-D arranged PMs. In this paper, we measured the magnetic field properties of PM with each levitation 
height of HTS bulk, and overshooting behaviors of HTS bulk mover on horizontal moving were studied. 
2. Concept of 3-D HTS bulk superconducting actuator 
The electric device applications of HTS bulk having stable levitation and suspension properties due to their strong flux 
pinning force have been proposed and developed. We have been investigating 3-D superconducting actuator using HTS 
bulk to develop the transportation device with non-contact and moves in free space as shown in Fig. 1. It is expected 
that our proposed 3-D superconducting actuator will be useful as a transporter used in a clean room where manufactures 
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the silicon wafer which dislikes mechanical contact and dust. Proposed the actuator consists of the trapped HTS bulk as 
a mover and 2-D arranged EMs consisted with iron core and copper coil as a stator. The HTS bulk is magnetically 
connected with EMs and can be moved the 3-D directions and rotates on the 2-D arranged EMs without upper side EMs 
and spatial restrictions. The current and polarity of each EM are individually controlled by switching power supply. 
However when it is installed as a transport system in the large area like a clean room, the cost of the manufactory will 
be increased because many EMs are needed to cover the area. Therefore, to solve this problem we thought that reducing 
a number of EMs by replacing all the EMs except for rotation with the 2-D arranged PMs as shown in Fig. 2. 
 
 
 
 
 
 
 
 
Fig. 1. Concept of 3-D superconducting actuator consists of EMs.        Fig . 2. Concept of 3-D superconducting actuator consists of EMs and PMs. 
3. Experimental details 
A. EM, PM and HTS bulk  
We have been researching the 3-D HTS bulk superconducting actuator. The detailed specifications and study contents 
of it are shown in previous papers [1-4]. As a mover, we used disk-shaped GdBCO bulk superconductors with 60 mm in 
diameter, 15 mm in thickness and 270 g in weight. This HTS bulk was reinforced by 2 mm thickness stainless steel and 
impregnated by epoxy to prevent a mechanical stress. As the stator, we used the PMs and EMs. As shown in Fig. 3 the 
EMs are composed of iron cores and wound with copper coils. We used 20 mm2 square-shaped neodymium PM with 6 
mm height. In our experiment, the PMs were attached the devise as shown in Fig. 4 which can adjust the gap length  
between the PMs and used.  
 
 
 
 
 
 
 
 Fig. 3. Schematic illustration of the one unit of 4-poles EMs               Fig. 4. Schematic illustration of the PM and the device for adjusting the position 
of the PMs. 
 
                                                                                                         
B. Measurement Procedure of magnetic field properties and overshooting behaviors of HTS bulk 
The HTS bulk was magnetized by the field cooling (FC) method using 4-pole EMs. The HTS bulk and EMs were 
placed at foamed polystyrene container filled with liquid nitrogen. In field cooling, the HTS bulk was located on the 
center of 4-pole EMs consist of coil 1 to coil 4, DC current at 6 A was transported, and as a function of gap length 
between top surface of EMs and bottom surface of HTS bulk (0 and 2 mm). Here, we call this gap “initial gap”. The 
axial components of the magnetic field properties were measured by the hall probe attached to an X-Y transporter [5]. 
The levitation height on the PMs was measured by the ruler. The levitation height was measured as functions of gap 
length between the PMs from 6 mm to 18 mm and initial gap of 0 mm and 2 mm. In this measurement, the gap length 
between the PMs was increased by 4 mm intervals. The gap length of the x-axis and y-axis of PMs are the same. The 
dynamic characteristic of HTS bulk mover on horizontal moving was measured after levitating HTS bulk by 
transporting the driving current to the EMs. This characteristic was measured as functions of gap length between the 
PMs from 6mm to 18 mm, initial gap of 0 mm and 2 mm and various reverse currents with opposite polarity in order to 
convey HTS bulk. The maximum drive current was 10 A. This characteristic was measured by video image analysis 
using camera which had taken 120 frames per second. As the measurement parameter of the dynamic characteristic, we 
used overshooting of x-axis direction after horizontal moving. As the dynamic properties, we used maximum amplitude 
of oscillation of the bulk and convergence time during the overshooting state of HTS bulk. We defined the convergence 
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time was the time when the amplitude became 10 % of the maximum amplitude.  Fig. 5 shows schematic illustration of 
the conveyance experiment only using the EMs and using the EMs and PMs. 
  
 
 
 
 
 
 
Fig. 5. Schematic illustration of the conveyance experiment (a) with the consists of EMs and (b) with the consists of EMs and PMs. 
4. Results and discussion 
The HTS bulk was levitated in the upper direction on EMs and then the HTS bulk started to move horizontally from 
the initial (center of 4-pole EMs) to the target position when the drive current was applied. Fig. 6 shows the measured 
position displacement of HTS bulk at horizontal moving when the initial gap of 0 mm. In this case, the gap length of x-
axis and y-axis was measured at 6 mm. Fig. 7 shows the measured positon displacement when the initial gap of 2 mm. 
In this case, gap length of x-axis was measured below 10 mm and gap length of y-axis was measured below 18 mm. The 
reason of deciding the gap patterns was that we couldn’t convey HTS bulk except for these gap patterns. 
 
 
 
 
 
Fig. 6. Measured x-axis position displacement of HTS bulk at the target position after the horizontal moving when the gap length between the PMs 
are x=6 mm, y=6 mm, and the initial gap is 0 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Measured x-axis position displacement of HTS bulk at the target position after the horizontal moving when the gap length between the PMs are 
(a) x=6 mm, y=6 mm, (b) x=6 mm, y=10 mm, (c) x=6 mm, y=14 mm, (d) x=6 mm, y=18 mm, (e) x=10 mm, y=6 mm, (f) x=10 mm, y=10 mm, 
(g) x=10 mm, y=14 mm and (h) x=10mm, y=18 mm, and the initial gap is 2 mm. 
 
To consider this result, the measured magnetic field distributing on the line p0-p1 at each levitated position of HTS bulk 
with various gap length are shown in Fig.8 and 9 and the measured levitation heights of HTS bulk in cases of Figs.8 and 
9 are shown in table1.  From Figs. 8 and 9, the magnetic field gradient between the PMs (on the line p0-p1 in Figs. 8 and 
9) was decreased with increasing the gap length. Restoring force acted in the direction to inhibit any changes of 
magnetic field properties. The restoring force depends on the gradient of magnetic field properties in the vicinity of the 
levitation stable position and the gradient of trapped magnetic field [5]. In addition, the restoring force increased by 
increasing gap length between the PMs and acted in the opposite direction of movement of HTS bulk in passing over 
the PMs. Therefore, we can’t convey the HTS bulk. Table 2 shows the minimum value of the reverse current with 
opposite polarity of the driving current in order to convey HTS bulk and maximum amplitude and the conveyance time 
in each gap patterns between the PMs.  From table 2, the reverse current increased with each gap length increasing. 
Additionally, in many gap patterns, the maximum amplitude was small and the convergence time was earlier than the 
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Gap between the PMs (mm) Reverse current (A) Initial gap 0 mm Initial gap 2 mm
x-axis y-axis Initial gap 0 mm Initial gap 2 mm Maximum amplitude (mm) Convergence time (s) Maximum amplitude (mm) Convergence time (s)
6
6 2 2 12.308 1.867 17.171 3.267
10 - 3 - - 19.134 3.375
14 - 3 - - 19.692 3.058
18 - 4 - - 20.211 3.433
10
6 - 3 - - 22.153 3.483
10 - 3 - - 16.0 2.950
14 - 4 - - 15.422 3.025
18 - 5 - - 14.617 2.617
EM only 1 1 18.367 1.9167 20.594 3.142
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case of only using EMs. HTS bulk received a restoring force by the same reason as the case that we couldn’t convey 
HTS bulk in some gap patterns.  By contrast, the restoring force acted in the moving direction of HTS bulk in passing 
over EMs until HTS bulk reached the target position. Therefore, the maximum amplitude and convergence time was 
reduced. 
 
 
 
 
 
 
 
 
 
Fig. 8. Measured the magnetic field distributions on the line p0-p1 at each      Fig. 9. Measured the magnetic field distributions on the line p0-p1 at each 
levitated position of HTS bulk with various gap length between                 levitated position of HTS bulk with various gap length between 
 (a) S-N pattern and (b) N-N pattern when the initial gap is 0 mm.                 (a) S-N pattern and (b) N-N pattern when the initial gap is 2 mm.                 
 
Table 1. The levitation height of HTS bulk as function of gap length between the PMs and the initial gap 
Gap length between the PMs (mm) Levitation height (mm)
x-axis y-axis Initial gap 0 mm Initial gap 2 mm
6 6 6.6 7.2
10 10 5.5 6.0
14 14 4.2 4.2
18 18 2.0 2.2
 
 
Table 2. The minimum value of the reverse current can be conveyed HTS bulk, maximum amplitude and the conveyance time as function of gap 
between the PMs and the initial gap. 
 
 
 
 
 
 
 
 
 
 
5. Conclusion 
In this paper, all the EMs except for rotation was replaced in the 2-D arranged PMs, and gap length between PMs were 
investigated experimentally to improve the dynamic behavior of the mover and to reduce the number of EMs.  As a 
result, it was confirmed that it was possible to convey HTS bulk to the next EMs by replacing all the EMs except for 
rotation with the 2-D arranged PMs. Also, maximum amplitude and convergence time of overshoot was reduced by 
control the gap length between the PMs. Therefore, we succeeded for improving the dynamic stability and the cost 
performance by using the PMs.  
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